The current interstitial lung disease (ILD) classification has overlapping clinical presentations and outcomes. Cluster analysis modeling is a valuable tool in identifying distinct clinical phenotypes in heterogeneous diseases. However, this approach has yet to be implemented in ILD.
Interstitial lung diseases (ILDs) are a heterogeneous group of pulmonary disorders characterized by architectural distortion and lung function impairment. 1 The approach to ILD has evolved over time, attempting to improve diagnostic precision while decreasing the need for invasive procedures. 2 Based on observed disease behavior, the most recent 2013 update of the American Thoracic Society(ATS)/European Respiratory Society (ERS) guidelines classifies ILDs into diagnostic subgroups that often overlap in their presentation and prognosis, making the clinical application of this recommended diagnostic algorithm challenging. 1, 2 A confident diagnosis is often limited by the inability of patients to undergo surgical lung biopsy or the presence of discordant radiologic and histopathologic patterns. 3, 4 Such realities preclude the ability to diagnose patients with a specific ILD, leaving them without a clear prognosis or treatment options. In fact, some of these individuals are deemed to have "unclassifiable" ILD. 1, 2 In addition, a significant subset of patients with ILDs exhibits serologic and clinical features suggestive of an underlying autoimmune process but do not meet defined criteria for a connective tissue disease (CTD).
Various terminologies with subtly different criteria have been used to describe this subset of patients, including undifferentiated CTD-associated ILD (CTD-ILD), lung-dominant CTD, and autoimmune-featured ILD. [5] [6] [7] [8] Recent ATS/ERS guidelines designate these patients as having interstitial pneumonia with autoimmune features (IPAF). 9 These diagnostic difficulties, along with tremendous variability in disease course within and between different ILDs, limit the utility of the current classification in stratifying patients into clinically meaningful subgroups with uniform outcomes over time. [10] [11] [12] [13] Statistical cluster analysis techniques have proven valuable in identifying homogeneous clusters of patients with shared clinical characteristics within pulmonary diseases such as COPD, asthma, and bronchiectasis. [14] [15] [16] Because ILDs may benefit from a similar approach, we conducted an innovative cluster analysis in a large longitudinal cohort of patients with chronic ILDs to identify unique ILD phenotypes based on clinical characteristics, serologic data, lung function, and radiographic features. We hypothesized that application of a cluster analysis approach would identify more homogeneous ILD phenotypes than the current ILD classification system regarding clinically meaningful outcomes, and it could provide a foundation for improved understanding of ILD pathogenesis, disease progression, and optimizing approach to management.
Methods

Study Design and Patient Selection
Subjects in the present analysis are from the University of Chicago ILD Registry, a longitudinal ILD cohort in which data are collected prospectively. The University of Chicago Institutional Review Board approved this investigation (institutional review board protocols #14163-A; #16-1062), and all patients signed informed consent forms.
Patients followed up at our institution between 2006 and 2015 with a multidisciplinary diagnosis of chronic ILD according to ATS/ERS criteria 2,9,17-19 were screened. Subjects with idiopathic pulmonary fibrosis (IPF), IPAF, CTD-ILD, chronic hypersensitivity pneumonitis (CHP), and unclassifiable idiopathic interstitial pneumonias were identified and eligible for study inclusion. Multidisciplinary diagnosis of ILD at our institution is performed in a rigorous fashion in conjunction with rheumatologists, dedicated chest radiologists, and a thoracic pathologist. Patients with CTD-ILD were required to have a multidisciplinary diagnosis of CTD-ILD for inclusion in the study. The vast majority of the CHP cohort (> 90%) had either consistent histopathologic findings on lung biopsy or an identifiable environmental antigen. However, because multidisciplinary diagnosis remains the current gold standard for a diagnosis of CHP, the minimal criterion for a diagnosis of CHP was a multidisciplinary review of the clinical, pulmonary function test (PFT), radiographic, and pathologic characteristics that were most consistent with a diagnosis of CHP, after exclusion of all other possible etiologies. Patients with IPF, and those with unclassifiable idiopathic interstitial pneumonia, were required to meet 2011 ATS/ERS criteria for inclusion in the study. The minimal criteria for classification as IPAF were that patients must have an interstitial pneumonia (according to high-resolution CT [HRCT] scan or surgical lung biopsy) with exclusion of alternative etiologies, incomplete features of a defined CTD, and at least one feature from at least two IPAF domains (clinical, radiographic, and morphologic) as proposed by the initial IPAF research statement. 9 
Data Collection
The electronic medical record was retrospectively reviewed to extract pertinent data, and 24 baseline variables were identified from each patient's initial clinic visit with substantial clinical relevance for inclusion in the cluster analysis model based on previous literature. These variables were as follows: demographic information (age, race/ ethnicity, and sex), patient-reported historical information (tobacco use and other environmental exposure [ -N.V.) . The PA and aorta were measured at the level of the PA bifurcation, and measurements were taken from the same HRCT image as previously reported. 20 Patients were excluded if they did not have the complete set of 24 baseline variables required for cluster analysis.
Follow-up and End Point of the Study
The primary outcome of the study was longitudinal pulmonary function. PFTs were grouped into 3-month intervals to allow for time course alignment and were analyzed by using a mixed effects model. Secondary outcomes included progression-free survival (PFS) and transplant-free survival (TFS). PFS time was defined as time from multidisciplinary ILD diagnosis to first occurrence of the following: a decrease of $ 10% in percent predicted FVC, a decrease of $ 50 m (164 feet) in 6-min walk distance, death, lung transplantation, loss to follow-up, or end of study period. 21 PFS was evaluated over the first 52 weeks following the ILD diagnosis. TFS time was defined as time from multidisciplinary ILD diagnosis to first occurrence of the following: death, transplantation, loss to follow-up, or end of study period. TFS was evaluated over the first 10 years following the ILD diagnosis. Vital status was determined from review of medical records, Social Security Death Index, and telephone communication per our usual clinical practice. Follow-up time was censored on December 31, 2015.
Statistical Analysis
The partitioning around medoids (PAM) clustering algorithm 22 was used to cluster ILD subjects into groups with similar clinical phenotypes based on the 24 baseline variables. The fundamental principle underlying cluster analysis aims to group subjects on the basis of prespecified variables to optimize cluster homogeneity and differentiate clusters from one another. The PAM cluster analysis minimizes the dissimilarity of members of each cluster and uses medoids, which are subjects in the dataset representative of each cluster. 23 This method is similar to but more robust to outliers than the commonly used k-means clustering algorithm because it relies on medians as opposed to means. Because both continuous and categorical variables were included in the algorithm, the variables were scaled by using Gower's distance. 24 This procedure scales all variables on a scale of 0 to 1 prior to clustering. To determine the optimal number of clusters, the silhouette width was used, which is a measure of how similar a patient is to his or her assigned cluster compared with neighboring clusters. 25 PAM cluster analysis was performed by using the "cluster" package in R (R Foundation for Statistical Computing).
Continuous variables are reported as means AE SDs, and categorical variables are reported as counts and percentages. Demographic and clinical differences among identified clusters were examined by using c 2 or analysis of variance rank tests, as appropriate. Survival was assessed by using unadjusted log-rank testing along with univariate and multivariable Cox proportional hazards regression. Survival curves were plotted by using the Kaplan-Meier survival estimator. Survival time was censored on December 31, 2015, or when a patient underwent lung transplantation or was lost to follow-up. The gender, age, physiology-ILD (GAP-ILD) index is an established predictor of survival in subjects with ILD. 10 Multivariable Cox regression analyses accounted for the GAP-ILD score to independently determine predictive value of models assessed for secondary outcomes. Statistical analyses following determination of the clusters were performed by using Stata 2015R.14 (StataCorp).
Results
Subject Demographic Characteristics
Of the 1,127 initial patients screened, 770 (IPF, n ¼ 286; CTD-ILD, n ¼ 173; IPAF, n ¼ 156; CHP, n ¼ 119; unclassifiable idiopathic interstitial pneumonias, n ¼ 36) met inclusion and exclusion criteria (e- Fig 1) . (Variables chosen for cluster analysis are presented in e- Table 1 ). Mean age of included patients was 65 years, and 48% were female. When assessing baseline PFTs of the cohort, mean FVC was 64.5% predicted, and DLCO was 49.5%; 56.6% had a positive ANA titer ($ 1:320), and the mean gamma gap was 3.4 mg/dl. HRCT honeycombing was present in 35% of the cohort, and 23% had emphysema.
Cluster Analysis
PAM cluster analysis determined that four clusters were optimal (Fig 1, Table 1 , e- Table 1 ).
Subjects grouped into Cluster 1 (n ¼ 210 [27%]) were relatively younger, white, predominantly female, and obese with more modest lung function impairment at baseline. Exposure to organic environmental antigens, hypothyroidism, and gastroesophageal reflux was highly prevalent within this cluster, while the prevalence of emphysema was low. Cluster 2 (n ¼ 114 [15%]) comprised the youngest patients in the entire cohort. They were predominantly AfricanAmerican female subjects, had elevated ANA titers, and had a lower prevalence of CT honeycombing and emphysema, with the greatest reduction in baseline FVC and FEV 1 . Subjects in Cluster 3 (n ¼ 276 [36%]) were characteristically older male subjects, white, had a substantial smoking history, and had the highest prevalence of coexistent emphysema with significantly increased PA and aortic diameters. Cluster 4 (n ¼ 170 [22%]) was predominantly composed of white male subjects with the highest number of smoking pack-years, the greatest prevalence of CT honeycombing, and the lowest baseline DLCO.
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Multidimensional Disease Severity Indices
To assess baseline multidimensional indices of disease severity among the clusters, we evaluated the GAP-ILD score and the composite physiologic index. The median GAP-ILD score was similar between Cluster 1 (GAP-ILD ¼ 2; range, -2 to 5) and Cluster 2 (GAP-ILD ¼ 2; range, -2 to 6) ) (P ¼ .427); and between Cluster 3 (GAP-ILD ¼ 3; range, -2 to 6) and Cluster 4 (GAP-ILD ¼ 3; range, -2 to 7) (P ¼ .952). The mean composite physiologic index was significantly different across all four clusters: Cluster 1, 44.8 AE 17.0; Cluster 2, 53.6 AE 15.3; Cluster 3, 51.2 AE 15.7; and Cluster 4, 54.5 AE 14.3 (P < .0001).
Outcomes
Longitudinal pulmonary function: When evaluating longitudinal PFTs according to initial ILD classification, all pairwise comparisons were analyzed (Figs 2 and 3 ). Monthly FVC decline was similar between patients with CHP and IPF (P ¼ .215) and between patients with CTD-ILD and IPAF (P ¼ .953). In contrast, when classifying patients according to phenotypic clusters, although Clusters 1 and 3 had similar monthly FVC decline (P ¼ .852), FVC decline was significantly worse in Cluster 4 than in Cluster 2 (P < .0001) (e- Table 2 ). Data are presented as %. CHP ¼ chronic hypersensitivity pneumonitis; CTD-ILD ¼ connective tissue disease-associated interstitial lung disease; ILD ¼ interstitial lung disease; IPAF ¼ interstitial pneumonia with autoimmune features; IPF ¼ idiopathic pulmonary fibrosis. Similarly, although monthly DLCO decline did not differ according to initial ILD classification, patients in Cluster 4 had a significantly worse DLCO decline than those in Cluster 2 (P < .0001).
Survival: Kaplan-Meier analysis suggested better delineation of PFS in the first year according to phenotypic clusters compared with initial ILD classification (c 2 ¼ 28.54, log-rank P < .0001 vs c 2 ¼17.52, log-rank P ¼ .0006, respectively) ( Fig 4) ;
and similar delineation of TFS over 10 years (c 2 ¼ 74.40, log-rank P < .0001 vs c 2 ¼ 62.60, log-rank P < .0001) (Fig 5) .
PFS in the first year was greatest in Cluster 2 (88.6%) (Fig 4) . (Table 2 ).
Similarly, TFS over 10 years was greatest in Cluster 2 ( Fig 5) . When evaluating TFS by using univariate Cox regression analysis, predictors of mortality risk included phenotypic clusters (Cluster 1, HR of 1.57, P ¼ .067; Cluster 3, HR of 3.17, P < .001; Cluster 4, HR of 4.31, P < .001), initial ILD classification (CHP, HR of 1.32, P ¼ .259; IPAF, HR of 2.32, P < .001; IPF, HR of 3.80, P < .001), and GAP-ILD score (HR of 1.62, P < .001). Multivariable analysis also suggested that phenotypic clusters (Cluster 1, HR of 1.88, P ¼ .011; Cluster 3, HR of 2.61, P < .001; Cluster 4, HR of 3.14, P < .001), and GAP-ILD score (HR of 1.57, P ¼ .001) independently predicted TFS (Tables 2 and 3 ).
Discussion
In this large cohort study of > 700 patients with a multidisciplinary diagnosis of ILD, cluster analysis identified a discrete subgroup of patients with the worst lung function decline. The results from this study also suggest that the distinct phenotypic subgroups identified by using cluster analysis differ substantially in PFS within the first year of diagnosis and overall mortality within the first 10 years of diagnosis.
Although the most recent ATS/ERS consensus guidelines recommend diagnostic algorithms for ILD, a practical shortcoming frequently encountered is the substantial heterogeneity and low interobserver agreement in classification of major ILD subtypes. [26] [27] [28] Furthermore, 10% to 15% of patients with ILD frequently remain "unclassifiable" even after undertaking the risk of a surgical lung biopsy.
2,29,30
This novel cluster-based approach classifies patients with ILD, including those currently deemed unclassifiable, into clinically meaningful subgroups. We highlight the efficacy of this technique in stratifying patients with ILD into distinct phenotypic subgroups that are predictive of disease progression and short-and long-term survival. Our application of cluster analysis to ILD is similar to other heterogeneous pulmonary diseases such as COPD, asthma, and bronchiectasis, in which discrete patient clusters have been identified and subsequently related to differing outcomes. [14] [15] [16] In this study cohort, cluster analysis identified four unique phenotypes of patients with differing patient characteristics. The first cluster was composed predominantly of younger white obese female subjects; the second included mostly younger African-American female subjects with elevated ANA titers. Elderly white male subjects were predominantly grouped into the latter two clusters, with coexistent emphysema characterizing the third cluster and severe honeycombing characterizing the fourth. Although there is a dominant ILD diagnostic subgroup within each cluster, all clusters consist of patients with various ILDs based on current ATS/ERS diagnostic guidelines.
Increasingly, the need to refine the accuracy of disease prognosis in ILD has led to recent exploration of clinical indices, gene variants, and molecular markers that reflect outcomes among heterogeneous patient populations with ILD. [31] [32] [33] [34] [35] Although the GAP-ILD index is commonly used as a clinical predictor of mortality in major ILD subtypes, it has not been shown to predict FVC decline or PFS. Furthermore, patients with IPAF are not accounted for in the current GAP-ILD model. Among diagnostic subclasses of ILD, annual FVC decline was similar between those with features of autoimmunity (CTD-ILD and IPAF) and those with no features of autoimmunity (IPF and CHP). However, stratification according to phenotypic clusters identified a population (Cluster 4) with greater decline in annual FVC and DLCO, as well as worse survival. This approach could enhance early identification of patients at the highest risk of clinical deterioration for whom treatment might be of benefit and inclusion in clinical trials. 21 In addition, application of this cluster-based classification to patient enrollment for therapeutic trials could address the barrier of heterogeneity in diagnostic criteria, which may influence study outcomes.
We evaluated PFS as a secondary outcome in our mortality analyses because of the low rate of death within the first year among patients with ILD and its frequent selection as a study end point in clinical trials. 21, 36 Assessment of TFS as a secondary outcome also permitted evaluation of long-term mortality. In our cohort, phenotypic clusters predicted FVC decline in the first year while independently providing a reliable measure of the risk of death within the first year of diagnosis and over the following 10 years, even after adjusting for disease severity, age, sex, ILD diagnosis, and immunosuppressive therapy. This highly significant finding is crucial for early identification of subgroups with the greatest mortality risk across the various ILD subtypes.
In this real-world cohort of > 700 patients with diverse ILDs, phenotypic clusters predicted lung function decline, as well as short-and long-term survival independent of original ILD classification. Importantly, these clusters also differ in multidimensional indices of clinical function such as the composite physiological index and the GAP-ILD score, hence simultaneously providing measures of disease severity and anticipated clinical course (Table 3) . Our findings suggest for the pulmonary practitioner that the current ILD diagnostic paradigm may not be the only approach to clinical care, and they identify additional factors such as race, BMI, chestjournal.org cigarette smoking, and PA diameter, in addition to previously recognized patient and ILD characteristics (age, sex, lung function, and honeycomb fibrosis), that may affect ILD diagnoses and outcomes. We recognize that this novel shift in approach requires external validation before it can be used with confidence in clinical practice.
This study has several strengths. The large longitudinal ILD cohort with prospectively acquired data enhanced the ability to include a significant set of clinically relevant variables from multiple domains (clinical, serologic, radiologic, and functional) into the cluster analysis. Next, only patients with a multidisciplinary ILD diagnosis were included. Sensitivity analyses were performed to determine if our findings remained consistent after substratification of the entire ILD population into IPF and non-IPF cohorts. These analyses suggest that the cluster analysis approach remains robust in the prediction of outcomes even after adjustment for IPF vs non-IPF diagnoses (e -Fig 2, e- Table 3 ). These findings also suggest that the potential utility of a cluster-based approach to the prediction of outcomes might be of value in all cases of ILD. Finally, all baseline measurements for variables included were obtained at the time of initial ILD evaluation to minimize interference by treatment.
Our study also has certain limitations. First, this investigation was conducted at a single tertiary referral center and included only patients with a complete dataset, thus limiting its generalizability. It is also possible that the ILD cohort could be sicker than the general population because we are a referral center. To address this possibility, further sensitivity analyses were performed in which we excluded all out-of-state referrals (n ¼ 176). These analyses yielded similar cluster patterns consistent with that of the entire cohort (e -Fig 3) . Second, some patients received immunosuppressive therapy before referral to our institution. This therapy was most often in the form of corticosteroids, which may have biased our results. However, our statistical models adjusted for exposure to 
Gamma gap < 3.5 > 3.5 < 3.5 w 3.5 ANA titer < 1:320 > 1:320 < 1:320 w 1:320
chestjournal.org immunosuppressive therapy at baseline ILD evaluation to minimize the effect on outcomes. Third, our study was designed to exclude from the cluster analysis model patients with very rare forms of ILD due to their limited sample size. Fourth, this novel study is a proof-of-concept approach to disease classification in ILD. Future studies at other large ILD centers are needed for external validation of this concept. Fifth, it is possible that some patients may have received trial therapies prior to arrival at our center, which may have altered their phenotypic characteristics (e.g., BMI or DLCO), potentially influencing the cluster of allocation.
Conclusions
Cluster analysis, applied to a large cohort of patients with ILD at baseline evaluation, identified four discrete subgroups with unique clinical characteristics and distinctly different outcomes. Classification of ILD patients into clinically relevant phenotypes with prognostic value could improve the efficacy of therapeutic interventions in future clinical trials. Further studies are needed to elucidate the underlying clinical and biologic pathways linking these clusters to differential outcomes in ILD. 
